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COMPUTER AIDED
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DUTY E N E R G Y

SYSTEM

Andrew H. P. Swift Jr.
Department of Mechanical Engineering
Washington University, St. Louis, Missouri 63130

Abstract
In many areas of the United States, the average monthly solar and
wind energy density profiles complement each other, which suggests
utilization of a power system that employs both solar and wind
energy.
This paper addresses the problem of identifying these
areas from weather data, developing a computer-aided method for
the design of such combined solar and wind systems, and examines
the economics of combined systems as compared to solar or wind
only systems.
1.

INTRODUCTION

on the other hand, must be handled by

It is well known that both wind and solar

either designing the system for the

energy are phenomena that exhibit charac

seasonal minimum or devising a long term

teristic variable patterns.

storage technique that can produce excess

At any

specific locality, the wind and the sun

energy during periods of maximum energy

exhibit characteristic short term (one to

density, store it for several months, and

four days) and long term (seasonal)

allow consumption during periods of

variations in their energy density pro

minimum energy density.

files.

either choice are evident.

Figure 1 illustrates the long term,

The problems with
The first

requires a system design based on the

seasonal variations for St. Louis, Missouri.

minimum energy density, which means sub

Since energy demand patterns seldom
coincide with either wind or solar energy

stantial system over-design and added

density profiles, energy systems intended

expense, and the second requires a long

to utilize these sources must be designed

term storage facility which is usually

to compensate for these variations.

quite large and expensive.
An interesting approach to the problem was

Presently, most solar and wind system

suggested several years ago by researchers

designs use some form of energy storage

at Oklahoma State University (Figure 3)

device, either electrical batteries, or

who proposed a power system based on the

thermal storage in the form of tanks,

fact that in many localities, especially

pebble beds, or eutectic salts to supply

the mid-western regions of the Continental

energy during the short term energy
deficits.

United States, the solar and wind seasonal

Long term, seasonal variations,

energy density profiles tend to complement
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each other.

This can be seen in Figure 2,

process a method has been developed that

where the solar and wind seasonal profiles

uses a phase plane to quickly determine the

from Figure 1 are combined.

relationships between wind and solar energy

In Figure 2,

the solar energy density is reaching its

in a given area.

minimum while the wind energy density is

easily adapted to the computer, for those

approaching its maximum.

cases where large amounts of data must be

In addition, the

The method is simple,

wind energy density is reaching its

handled, and uses data that is readily

minimum, shortly after the solar energy

available from routine weather observations

density has reached a maximum. With this

If one were to construct a graph whose

observation in mind, it seems reasonable

abscissa was the normalized monthly average

to suggest an energy system that uses both

wind energy and whose ordinate was nor

solar and wind energy to supply energy

malized monthly average solar energy for a

continuously, without having to use either

given location, each month would then

long term storage or substantially over

determine a point on that graph.

size the system.

necting consecutive points, a closed curve

Thus it appears that in

By con

certain localities, a combined system, as

is generated which we shall call the

shown in Figure 3, may be more advantageous

"phase plot" for that locality.

than either a solar or wind only system.

evident that each locality will have a

Although the combined system may be indi

characteristic phase plot based on its

cated, to date there has been little

monthly average weather data.

research done to verify this point.

actual curve is approximated by an approx

This

It is

If the

paper addresses the problem, and specif

imate circular or elliptical figure, certain

ically deals with methods of site selection

information can be readily obtained.

for solar, wind, and combined power plants,

the figure is predominantly elliptical,

methods for the design of such plants, and

with its major axis oriented as shown in

sizing and economic comparisons between

Figure 4, the solar and wind energy have

solar, wind, and combined systems.

seasonal cycles that are nearly in phase

2.

with each other.

DESIGN

If

Note also that the ratio

defined by:
2.1

minor diameter
R - major diameter

SITE SELECTION

It was pointed out in the introduction

gives an indication of the exact phase

that in certain areas of the country the

relationship between the two energy sources

wind and solar energy density profiles

If R = 0, the phase plot is a straight line

complement each other, and that in these

of the form y = x + c, and the two energy

areas the use of a combined energy system

sources are exactly in phase.

might be indicated.

ratio R increases, a phase angle rela

However, identifying

As the

those areas is not a trivial problem.

tionship develops between the two sources

Because solar energy, and to a greater

until when R = 1 (a circle) the two sources

degree, wind energy, are locally dependent

are 90 degrees out of phase.

phenomena, one is not able to charac

other hand, a phase plot similar to that

terize energy density profiles by their

of Figure 5 is described, with the major

location alone.

In each case, the weather

If, on the

diameter along a line of negative slope,

data must by analyzed to determine the
nature of the energy density profiles for

the two sources are out of phase and they
tend to complement each other. A straight

that area.

line of the form y =-x + c would imply

In order to expedite this
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that the sources are 180 degrees out of

will be based on monthly values of wind,

phase.
As the ratio R, as defined above,
increases the phase relationship between

using the average monthly wind speed, one

insolation,

and energy demand.

Therefore,

the sources will decrease to 90 degrees

can calculate windpower available per unit

when R = 1.

area/?)

Thus we have seen that by-

Similarly, using average values

plotting monthly average local wind and

of insolation, one can calculate the solar

solar data on the phase plane, one can

power available per unit area/2 ) (Note

quickly determine whether or not a certain

that both the solar and wind power per

locality has complementary energy density

unit area values depend on the type of

profiles, and whether or not it may be

solar collector and wind turbine used.) If

suited for a combined energy system.

the average monthly energy load is divided

Figure 6 is the phase plot for St. Louis,

by the solar energy per unit area for the

Missouri, and is shown as an example.

month, the result will be the solar only

Note that the major axis of the best

area required for that month.

Likewise,

smooth curve drawn through the data points

if the average monthly load is divided by

results in an ellipse whose major diameter

the wind energy per unit area, the blade

has a negative slope and whose ratio R is

area for a wind only system is determined.

about 1/2.

Since both the solar area and blade area

Thus one would expect that

St. Louis has wind and solar energy

are very nearly direct linear functions of

density profiles that are complementary

the energy produced, a straight line

and are about 135 degrees out of phase. A

joining the solar only, SA value, and the

quick review of Figure 2 will verify this

wind only, BA value, will give the required

point.

'mix' to supply the average monthly energy

2.2

load.

THE "SA", "BA" GRAPH

See Figure 7.

If this process is

carried out for each of the twelve months
Having identified those areas where a

a series of straight lines will result.

combined energy system is indicated, it is

See Figure 8.

now of interest to determine what the
possible combination of the two energy

2.3

sources must be in order to supply a

Let us now define the controlling line, as

given load.

indicated on Figure 8.

The amount of energy

THE CONTROLLING LINE

The line, or

generated by both wind and solar con

series of lines that connects the maximum

version systems is directly proportional

values of SA and BA at the greatest dis

to the area of the respective system.

tance from the origin is called the con

In

other words, solar power is directly pro

trolling line for the design.

portional to collector area, and wind

on this line, including the endpoints will

power is directly proportional to the area

provide sufficient collector area to

Any point

swept by the rotating blades in a con

supply average energy for the entire year,

ventional wind turbine.

based on the demand model assumed.

Therefore, a

Since

method that determines the best 'mix' of

any point on the controlling line will

solar and wind energy will be based on the

supply all the necessary energy, it is

solar area required, SA, and the blade

evident that this line is the locus of all

area required, BA.

points of possible 'mix' of solar and wind

Let us begin the

methodology by constructing a graph with
blade area, BA, as the abscissa, and solar

energy systems that will satisfy the
energy load.
The final design choice will

area, SA, as the ordinate.

be a point somewhere on the controlling

The design
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line.

Determination of this design point

however, the 'best system', from an engi

will be considered in the next section.

neering point of view is the one that gets

A few points should be stressed at this

the job done effectively at the lowest

time concerning the controlling line as a

cost.

design line.

of this study, the term 'best' refers to

First, the controlling line

In other words, for the purposes

was formed using average values of solar,
wind and demand energy profiles. As a re

this definition of optimization, let us

sult, actual rated capacity sizing, based

now analyze the controlling line as

on instantaneous energy profiles, and

developed in the preceding section and

storage capacity sizing, based on periods

determine the point of minimum system cost.

the economic optimum system choice. Using

of less than average energy density, or

Every point on the SA-BA plane has

greater than average demand, will have to

associated with it some cost.

This cost

be determined by additional design methods.

is the sum of the wind energy system of

Also, it is assumed that the system is

the size BA and the solar energy system of

designed for each month's energy regime,

the size SA.

which will of course not be the case,

are connected, a series of 'isocost' or

since the system cannot be restructured

constant cost lines will result. Restating

each month.

this in another way, if one were to invest

The system must deliver

maximum energy during the controlling

If all points of equal cost

$X in an energy system, he could buy a

months (months that lie on the controlling

certain size solar system, another size

line), and operate at below design

wind system, or two systems that together

performance at other times.

will cost $X.

Lastly, it

should be noted that the system will

Connecting the SA and BA

points and all possible combinations for

produce excess energy during all but the

$X will also result in an isocost curve,

controlling months, where it should

namely the $X isocost curve.

operate at design performance.

these curves will not necessarily be

This point

Note that

will be addressed again in the section on

straight lines due to the economies of

economics.

scale of the systems.
3.

(The larger the

system, the cheaper the unit cost.) Also,

ANALYSIS

the curves will have discontinuities at
3.1

ISOCOST LINES

those points where the blade area exceeds

As pointed out in section 2, the con

that allowable for a single wind turbine,

trolling line is the locus of all points

and another turbine must be started.

that will supply the required collector

Figure 9 shows isocost curves constructed

area to satisfy an assumed demand model,

on the SA and BA plane along with the

and is in effect the design line for the

controlling line.

combined energy system.

evident that the point on the controlling

However, the

From the graph, it is

question as to which of these points on

line that intersects the minimum isocost

the controlling line will provide the

curve, is indeed the cheapest system (not

'best' design point is yet to be answered.

considering storage requirements) and will

The term 'best' is ambiguous here, since

be the economic optimum design point.

the best system may be the smallest, or it

3.2

LIMITATIONS

may be the one with the highest conversion
At this point, a few limitations should be

efficiency, or it may be the one which

noted concerning the use of the isocost

gives the most reliable system. Generally,

lines for design purposes.
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First, lines

of constant' first costs' are not suffi

system choices and localities to determine

cient.

the most suitable applications for a

In order to compare the systems on

an equal basis a yearly rate which

given system in a given area.

considers capital cost, cost of money,

(4)

Cost Functions: By changing the cost

depreciation, system life time, taxes,

of certain system components one can

operation, and maintenance should all be

determine cost sensitivities and see the

included.

effect of cost changes for those items.

Then, since each system, or a

combination of systems will supply a

From the above list of parameters , it is

given energy requirement over the year,

evident that the design method described

the cheapest yearly isocost line will
indicate the cheapest energy costs, which
is the quantity to be minimized.

Also,

above is quite general, and has a variety
of applications

in the design of solar,

wind, and combined energy systems.

one should realize that this method does
4.2

not take into account savings that may
result from combining systems, or as
mentioned above, storage costs and
requirements.

USING THE METHOD TO ILLUSTRATE THE
ECONOMIC ADVANTAGES OF A COMBINED
ENERGY SYSTEM

4.2.1

An Example

These costs must be
Having described the design method, and

considered with the value determined at
the design point.

its adaptability to the computer, let us

It should be noted that

now consider an example that will illus

when these costs are considered, it may

trate two things.

be advantageous to move from the initial
design point on the SA-BA diagram.

First the example will

demonstrate the method and the type of

These

parametric results that are obtained.

points are further discussed in section 5.

Second, by choosing models that reflect
4.

APPLICATIONS

actual systems, costs, demand, and
weather patterns, the example will confirm

4.1 COMPUTER AIDED DESIGN METHOD

the hypothesis stated above; that in

The energy system design methodology

certain localities, where the wind and

outlined above is well suited for computer

solar energy are complementary in their

adaptation since the entire method can be
defined mathematically.

seasonal variation, a combined energy

The objective in

system to supply a given demand is

using the computer and computer graphics

economically advantageous.

as a design tool is to make it possible
for the user to supply certain design

and demand model will remain constant, and

parameters and allow the computer to

weather data for different localities will

generate the SA and BA diagrams for those
set of parameters.

In this

example, the system model, cost function,

be used to confirm the savings of a

The parameters that

combined system in certain locations.

may be varied include:
(1) System Model: Different types of

4.2.2

collectors and conversion systems may be

The System Model

The system chosen for this example is

chosen to observe relative effects.

shown in Figure 10, and the reader will

(2) Location: For a given system design

note that it closely resembles the original

and demand model, one can determine

continuous duty system described in the

suitable sites by varying the solar and

Introduction.

wind weather data for various localities.

based on studies done by NASA and thei/1)

(3) Demand Model: One can match various

wind energy program, and from initial
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The wind turbine design is

results of an experimental 100 KW turbine
located in Sandusky, Ohio.

described in Figure 11.

The solar

4.2.3

Cost Functions

thermal collector is based on the solar
tower concept that is being constructed

System cost functions were derived from

under contract by ERDA.*® It was felt that

available data on the systems from various
sources and are listed in Figure 12. (?s9 )

these two systems of energy conversion
would supply the most reliable design and
cost criteria.

4.2.4

The accumulator was

The load that is to be supplied by the

included to 'peak shave' during hours of

energy system described above is residen

maximum insolation, store thermal energy

tial energy load.

in the form of steam, and then convert

requirements for 40 suburban style homes,

This allows for reductions in

including the energy required for trans

rated size for the Rankine Cycle, and

portation requirements. (Excess hydrogen
(6)
will be used as auto fuel.)
The choice of

increases the plant factor and equipment
utilization factor.

It was assumed that the

power system would supply all energy*-5 )

the stored energy to electricity after
sunset.

Demand Model

One should also note

a community of 40 homes was arbitrary, and

that the system uses waste heat from the

not necessarily the optimum choice.

Rankine Cycle to supply thermal energy

Specifications for the demand model are

requirements for both heating and cooling.

listed in Figure 13.

Hydrogen generation and storage was chosen
as the means for energy storage.

4.2.5

Although

this is a fairly new concept of energy

Re suits

Using the system model, cost functions,

storage, it has been proven feasible*6),

and demand model described above, a

and has many advantages in this type of

computer program was written that reads

application.

local wind speed data, insolation data,

Hydrogen is colorless,

odorless, non toxic, and dissipates readily

and latitude of location, and will return,

in the event of leakage.

in graphical form an SA-BA graph with

When burned in

the H2 - O2 burner the combustion product
is water.

controlling line and isocost lines.

Since the system is desinged

Localities were chosen based on their

for waste heat utilization, it must be

respective phase plots, with emphasis on

located near its energy load, and for

those places where the phase plot indi

residential purposes, the fact that the

cated the solar and wind energy to be out

entire system is non-polluting is

of phase by at least 90 degrees.

essential.

14a and b show phase plots and computer

Also hydrogen has been shown

Figures

to be safe*6) , and storable in various

results for St. Louis, Mo., and Houston,

forms, as a gas, liquid, or in metal

Tx.

hydrides, and is useable as a synthetic
fuel.(6) Lastly, excess hydrogen produced

St. Louis and Houston illustrate quite
well the savings of a combined system over

during months of above average energy

a solar or wind only system.

As the computer results indicate,

Thus, one

production could be sold as commodity*6 )

may conclude that in certain areas for the

hydrogen, and in times of well below

models chosen, the combined, continuous

average energy production and increased

duty system is more economical than

demand small quantities could by purchased

either system alone.

to provide necessary energy.

The

5.

ECONOMIC FEASIBILITY

mathematical model for the system is
Having illustrated the economic advantages
86

of a combined energy system, let us now

cons idered.

use these results to compute the total

6.

CONCLUSIONS

cost of energy produced by a solar only,
wind only, and combined energy system in

Using the computer aided design techniques

order to assess both an economic comparison

outlined in this paper, it has been shown

and the feasibility of these type systems

that a combined energy system may be less

for economical power production.

expensive in certain areas than a solar or

From

Figure 14a for St. Louis let us compute

wind only system.

the total annual system cost, and the

a continuous duty energy system is econom

It was also shown that

ically feasible, using the system models

energy cost.

outlined, to supply all energy needs for a
small community of 40 homes.

ArANNUAL SYSTEM COST, thousands of dollars
solar = $400 wind = $265 comb. = $202*
*reduced 2% by combin ing towers.

higher than conventional sources of energy,

From reference 1 hydrogen storage costs
for 10 MWh, which is approximately 2 days
storage for the residential demand model,
are. ..$ 300/KW (rated). This figure can be
modified as follows:
Wind Only - no modification-...... $300/KW
Solar Only - subtract 33% since storage
conversion device is included in system
cost-..............................$200/ KW
Comb ine d - subtract 33% as for solar, plus
10% for storage capacity reduction ..$170/KW
*Since the probability of a combination
of calm winds and cloudy days is less than
the probability of either individually,
the storage capacity can be reduced.

improved solar and wind devices, decreased
costs of these devices, rising fossil fuel
costs, a need

for greater energy indepen

dence, and the attractiveness of energy
systems that use renewable resources and
do not pollute will make the continuous
duty energy system a feasible alternative
in the forseeable future.
7.
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FIG 4- Phase Plot,
in phase

FIG 2

FIG 3

Combined Energy Density, STL,Mo.

FIG 5

Phase Plot,
out of phase

FIG 6

See FIG 14a

OSU Continuous Duty Power System
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FIG 9

SA BA #3

CONTINUOUS DUTY SYSTEM for RESIDENTIAL POWER SUPPLY

FIG 10

The System
SYMBOLS

a„ =eff.cone.area divided
r
by nH2 .
E
conversion effic'ncy.
H
=tower height.
K
constant
k
=derating factor
p
=reflectivity
PF =power factor, derived
from NASA velocity
duration curves.
PR =rated power
RC =Rankine Cycle
Sn =normal beam insolation
averaged over one hr.
where n is the number
of hrs. from solar
noon. It's value
depends on day of the
year, latitude, and
cloudiness factor.
Average insolation,
rather than clear day
are used in calcul'ns.
SFCR=solar annual fixed
charge rate. 19%.
V
=average monthly
wind speed.
wlFCR=wind fixed annual
charge rate. I 8 f ° .
$ -- c o s t o f -- .
0
=fo heliostat coverage.
0
=field rim angle.

***

NOTE i

Due to space limitations these figures are simplified considerably,
and contain numerous assumptions too lenghty to specify here.
interested reader is encouraged to use the reference list.
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The

1

*5

in

FIG 14 a

FIG 14 b

9.

Phase Plot Houston
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